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Radionuclides reach the environment from natural or anthropogenic sources and are equilibrating over
time with different phases through sorption and precipitation reactions onto inorganic phases and
macromolecular natural organic matter (NOM). Strong binding to NOM can occur by chelation of clus-
tered binding sites (i.e., binding sites from different branches in the macromolecule) in the absence of
conventional chelating sites. Despite many years of research and strong evidence of its signiﬁcance,
transport of many radionuclides is still modeled without taking into consideration NOM as a redox
regulator and a sorbent or chelating agent.
Microbially mediated chelation and incorporation reactions can control a number of radionuclides,
e.g., plutonium (Pu) and iodine (I) isotopes, leading to retardation or mobilization, depending onwhether
the carrier compound is in solution or particle-bound. The presence of NOM in contaminated soils
complicates conventional remediation techniques for I, where base has been added to either increase the
cation exchange capacity of soils or to promote direct co-precipitation of the cationic radionuclide in the
waste stream. Even though Pu at waste sites did not have to be remediated, base addition would likely
also bring surprises. This addition may then have unexpected consequences; while promoting the
immobilization of inorganic Pu, it has been shown to also remobilize inorganic-I and low-molecular
weight organic compounds that are bound to I and Pu.
Iodine occurs in multiple oxidation states in aquatic systems, existing not only as inorganic species
(iodide (I) and iodate (IO3)), but also as organic species where I is covalently bound to aromatic moi-
eties. Thus, stable iodine, 127I, and its long-lived isotope, 129I, a major by-product of nuclear ﬁssion,
undergo complex biogeochemical cycling in the environment, which renders them less mobile than
when assuming that all I is in the form of the highly mobile form of iodide.
In the laboratory and the ﬁeld, plutonium strongly associates with NOM, when present, and is strongly
chelated by speciﬁc moieties such as hydroxamate siderophores and other N-containing compounds. As
a consequence, its mobility is controlled by the transport behavior of the anionic organic forms rather
than the much more strongly sorbing cationic form of Pu(IV). NOM, even at trace levels, can play a
signiﬁcant role in controlling the fate and transport of radionuclides.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
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and organic phases, e.g., speciﬁc macromolecular natural organic
matter (NOM) compounds. The presence of NOM in contaminated
soils complicates conventional remediation techniques that often
add base to either increase the cation exchange capacity of soils or
to promote direct precipitation of the radionuclide in the waste
stream (Gephart, 2003; Denham and Vangelas, 2008). This addition
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enriched sediment.
In order to assess how environmental factors (e.g., pH, pE, NOM)
affect the distribution and transport of radioiodine and plutonium
that enter soils and water environments, recent results from labo-
ratory incubation and ﬁeld studies of long-lived isotopes of iodine
(e.g., 129I) and plutonium (e.g., 239,240Pu) are reviewed. This review
also focuses on recent data gathered from three Pu and I contam-
inated study sites located in Savannah River Site (SRS), South Car-
olina, USA, Hanford Site in eastern Washington State, USA, and
Fukushima Prefecture, Japan. Some previous reviews of Pu and
NOM have been provided by Neu et al. (2002) and of I and NOM by
Kaplan et al. (2014a,b).
2. Iodine
Iodine occurs in multiple oxidation states in aquatic systems in
the form of organic and inorganic species (iodide and iodate),
which leads to complex biogeochemical cycling of stable iodine,
127I, and its long-lived isotope, 129I, a major by-product of nuclear
ﬁssion (Kaplan et al., 2014a,b; Chang et al., 2014). A sensitive and
rapid GC-MS method was developed to determine the distribution
of 129I and stable 127I forms in environmental systems (Zhang et al.,
2010) and was subsequently validated using AMS (Schwehr et al.,
2014). With this novel GC-MS method, one can determine the 129I
concentration and speciation as low as 2 pCi/L, which is twice the
drinking water limit of 129I issued by EPA (Zhang et al., 2010). IO3
and organo-I were determined as major species in the groundwater
of SRS, the Hanford Site and in the Fukushima prefecture, which is
contrary to thermodynamic predictions that I should be the
dominant species at these sites. Results from laboratory experi-
ments demonstrated that mobility of 129I species depends greatly
on the type of I species and its concentration (Schwehr et al., 2009;
Schwehr et al., 2014; Zhang et al., 2011), sediment pH (Xu et al.,
2011a; Emerson et al., 2014; Zhang et al., 2014), and redox state
(Xu et al., 2015a,b; Emerson et al., 2014; Zhang et al., 2014), with
times to achieve equilibrium taking up to 12 weeks (Xu et al.,
2011a,b; Emerson et al., 2014; Zhang et al., 2014). pH, redox, and
the presence of NOM are major environmental factors that affect
iodine species transformations. In the presence of some metal ox-
ides, for example, MnO2, incorporation of I into a humic acid and a
water extractable colloidal fractionwas only enhanced under acidic
conditions (pH 3e4). Such water-extractable fractions can easily be
released during a surface run-off event from the soil (Fig. 1a). In
contrast, another oxidizing metal oxide, iron (III) oxide did not
display enhancement of organo-I formation. This result was un-
expected because iron (III) oxides have a higher point of zero charge
(PZC) than MnO2 (PZC ¼ pH 1.5e2.5 for MnO2 vs. pH > 9 for Fe
oxide) and thus should favor the adsorption of anions such as I
(Fig. 1b and c). Size-fractionation of the resulting iodinated NOM
products using an ultraﬁltration membrane with a cutoff of 50 kDa,
indicated that iodine is preferably bound to the lower-molecular-
weight (LMW, <50 kDa) fractions rather than the high-molecular-
weight (HMW, >50 kDa) fraction (Fig. 1d). It was revealed that
the LMW NOM is more hydrophilic and thus, it is easier for hy-
drophilic iodine to get access to reaction centers. Moreover, it likely
contains more reactive aromatic binding sites for iodine (Xu et al.,
2011b).
The investigation of the spatial distribution and transformation
of 129I and 127I species in a groundwater plume on the SRS along a
gradient in Eh (654-360 mV), organic carbon concentrations
(5e60 mM), and pH (3.2e6.8) revealed that groundwater 129I con-
centrations in a well near a source term (waste disposal basins)
increased 2e5-fold between 2010 (400e1000 pCi/L) and 1993
(~200 pCi/L). Iodine speciation in the plume contained awide rangePlease cite this article in press as: Santschi, P.H., et al., Iodine and plut
advances, Applied Geochemistry (2016), http://dx.doi.org/10.1016/j.apgeoof I, IO3, and organo-I concentrations. Calculations based on a
basin sediment desorption study indicate that the modest increase
of 0.7 pH unit detected in the groundwater of the study site over the
last 17 years since closure of the basinsmay be sufﬁcient to produce
the observed increased groundwater 129I concentrations near the
basins. Different from other high risk radionuclides (Cs, Sr, and U)
that have been attenuated, 129I continues to leave the source at a
rate that may have been exacerbated by the initial remediation
actions (Kaplan et al., 2011). Along the groundwater pathway in the
F-Area of SRS, 129I-iodide supplied from the seepage basins was
transformed to 129I-iodate and organo-I, and thus promoted
increased iodine sediment sorption, resulting in the lower total 127I
and 129I concentrations along the gradient transect of the waste
plume. However, there was evidence that some groundwater was
resurfacing in the seep-line with very high 129I concentrations and
low pH levels, characteristic of the source term (Otosaka et al.,
2011). In contrast, groundwater 129I concentrations in many loca-
tions in the wetlands (as high as 1617.3 pCi/L) were greatly elevated
with respect to the source term (159.3 pCi/L). 129I concentrations in
a wetland soil proﬁle closely correlated to organic matter concen-
tration (r2 ¼ 0.992; n ¼ 5). While the sediment organic matter
promoted the uptake of 129I to the wetland sediment, it also pro-
moted the formation of a soluble organic fraction: 74% of the
wetland groundwater 129I could pass through a 1 kDa membrane
and only 26% of the 129I was colloidal. Of that fraction passing
through a 1 kDa membrane, 39% of the 129I was organo-I (Kaplan
et al., 2014a,b).Thus immobilization and re-mobilization of iodine
species were inﬂuenced by pH, Eh and the presence of NOM and
metal oxides (e.g., MnO2), which adds to the complexity of site
remediation action in attempting to minimize the groundwater
ﬂux of multiple contaminants.
Another example where pH, Eh and NOM are controlling iodine
concentrations of surface soil/sediment is shown in Fig. 2. In the
Fukushima Prefecture surﬁcial soil 127I content was signiﬁcantly
correlated to soil OM content, regardless of land use type (urban
soil, coniferous forest, deciduous forest and paddy ﬁeld soils),
suggesting that soil OM might be an important factor affecting
iodine biogeochemistry. Other soil chemical properties, such as Eh
and pH, had strong correlations to soil 127I content, but only within
a given land use (e.g., within urban soils).
A three-year study from a single groundwater well in the
wetland region of the 129I plume at the SRS revealed signiﬁcant
temporal variations in 127I and 129I concentrations, ranging from 68
to 196 nM for 127I and <5e133 pCi/L for 129I (Fig. 3a). The two
isotopes signiﬁcantly correlated with each other, in terms of con-
centrations and speciation, suggesting that the two isotopes are in
equilibrium and responded similarly to temporal changes in
wetland groundwater chemistry, hydrological events andmicrobial
activity. The pH was found to play a critical role in affecting iodine
concentration and speciation (Fig. 3a). Additionally, nitrate, as a co-
contaminant to 129I, demonstrated strikingly similar temporal
variations as total 127I and 129I (Fig. 3b). Alternatively, nitrate con-
centrations might be controlled by similar biogeochemical drivers
as iodine e.g., denitrifying bacteria might have been involved in the
reduction of iodate (Zhang et al., 2014).
In most cases, I and IO3, when at ambient concentrations
(~107 M), are signiﬁcantly retarded by sorption tomineral surfaces
and covalent binding to NOM, while at concentrations traditionally
examined in sorption studies (i.e., 104 M or higher), I demon-
strated little retardation by themineral surfaces (Zhang et al., 2011).
Iodine associationwith NOM is important in sediments, evenwhen
organic carbon concentrations are very low (e.g., <0.2% at Hanford
Site in eastern Washington, USA) (Zhang et al., 2013a,b; Xu et al.,
2015a,b). Removal of iodine from the groundwater through inter-
action with NOM is complicated by the release of mobile, colloidalonium association with natural organic matter: A review of recent
chem.2016.11.009
Fig. 1. pH dependent transformation reactions of 127I in soils from the Savannah River Site (Xu et al., 2011a,b). a) pH-dependent iodide incorporation into HA or WEC in the presence
of MnO2 (HA or WEC, 100 mg/L; MnO2, 0.5 g/L, Sigma Catalogue No., 217646, <5 mm, activated, ~85%; reaction time, 24 h); b) pH-dependent iodide incorporation into HA or WEC in
the presence of Fe2O3 (HA or WEC, 100 mg/L; Fe2O3, 0.5 g/L, Sigma Catalogue No., 217646, nanopowder, <50 nm; reaction time, 24 h); c) pH-dependent formation of volatile iodine
from iodide in the presence of MnO2 or Fe2O3 (NOM, 0 mg/L; MnO2 or Fe2O3, 0.5 g/L; reaction time, 24 h); d) pH-dependent iodate incorporation into HA (HA, 100 mg/L; reaction
time, 72 h); For all experiments, ﬁnal 127I or 127IO3: 0.1 mM; 125I or 125IO3: 0.9 mCi/L. Reprinted with permission from Environmental Science and Technology. Copyright 2011,
American Chemical Society.
P.H. Santschi et al. / Applied Geochemistry xxx (2016) 1e7 3organo-I species (Xu et al., 2011a,b, 2012, 2013). A small fraction of
NOM that is bound to iodine can behave as a mobile organo-I
source (Xu et al., 2011a,b, 2012, 2013), a process that was numeri-
cally simulated using kinetic Michaelis-Menton-type redox-re-
actions and kinetic uptake reactions (Chang et al., 2014). Iodide and
iodate interactions with NOM can lead to covalent binding of I to a
limited number of aromatic carbon moieties on the particle surface
(Xu et al., 2011b, 2012, 2013).
NOM, which is highly concentrated in wetlands at SRS, and
contains 10e23% aromatic carbon as determined by solid-state 13C
NMR (Xu et al., 2012), can covalently bind I at structures containing
esteriﬁed products of phenolic and formic acids or other aliphatic
carboxylic acids, amide functionalities, quinone-like structures
activated by electron-donating groups (e.g., NH2) or a
hemicellulose-lignin-like complex with phenyl-glycosidic linkages.
These ring-activating functionalities enhance the nucleophilicity of
the aromatic ring and would thus favor electrophilic substitution
(i.e. I incorporation or iodination). Moreover, iodine association
with NOM was not only related to the abundance of reactive
binding sites, but seemed also dependent on the ternary confor-
mation. For example, iodine-NOM interactions may have included
hydrophobic aliphatic moieties at the periphery that could have
hindered the approach of iodide to the active aromatic cores.
Another example might be hydrophilic polysaccharides that may
have favored the iodide access.
The mechanisms for enzymatic (via I) and non-enzymatic (via
IO3) interaction of inorganic iodine species and NOM was eluci-
dated by ESI FTICR-MS (Xu et al., 2013). Organo-iodine formulas
were distributed in three regions in van Krevelen diagrams,
denoting unsaturated hydrocarbons, lignins and proteins. Iodate is
likely abiotically reduced to reactive iodine species by the lignin-
and tannin-like compounds or the carboxylic-rich alicyclicPlease cite this article in press as: Santschi, P.H., et al., Iodine and plut
advances, Applied Geochemistry (2016), http://dx.doi.org/10.1016/j.apgeomolecules (CRAM), during which condensed aromatics and lignin-
like compounds of the NOM are generated. About 69% of the
identiﬁed organo-iodine species contain nitrogen, which is pre-
sumably present as eNH2 or eHNCOR groups, which can have,
when present in aromatic moieties, ring-activating functionalities
favoring electrophilic substitution (Xu et al., 2013). Newly produced
NOM moieties were also identiﬁed after iodination reaction,
though not covalently bound with iodine, with H/C values partially
overlapped with those of lignin compounds. This indicates a
possible oxidation of hydroquinoning with quinone. Experiments
show NOM contains abundant electron-transferring agents, of
which benzoquinone-hydroquinone is a dominant redox-active
pair with semiquinone as an intermediate (Bauer et al., 2007). It
is likely that some NOM moieties, not directly involved in the for-
mation of organo-I compounds, can act as electron-shuttles to alter
iodine speciation and facilitate the iodination of NOM or iodine
oxidation state.
Iodate removal from the mobile aqueous phase can also occur
through incorporation into inorganic carbon, CaCO3, e.g., at the
Hanford Site, in eastern Washington, USA (Zhang et al., 2013a,b; Xu
et al., 2015a,b).
Finally, there is clear evidence that organo-iodine formation is
mediated by enzymatic reactions and microbial activity (Li et al.,
2012a,b, 2014). Though some marine bacterial strains (e.g., Flex-
ibacter aggregans and Arenibacter troitsensis) can accumulate 2e50%
of total added iodide (0.1 mM) intracellularly, the soil bacteria iso-
lated from F-Area of SRS do not accumulate signiﬁcant amounts of
iodide (0.2e2%). Such an intracellular uptake of I is pH-dependent
and decreases with increasing pH when pH ranged from 4 to 6 (Li
et al., 2011). Moreover, 44 out of 84 strains isolated from the F-
Area of SRS displayed iodide-oxidizing activity, transforming I to
IO3 and organo-iodine. Such an oxidation was facilitated with theonium association with natural organic matter: A review of recent
chem.2016.11.009
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Fig. 3. Total iodine (127, 129) concentrations in piezometer FPZ-6A from the
Savannah River Site (SRS) vary inversely as a function of A) pH and positively as a
function of B) nitrate concentrations (Zhang et al., 2014), with standard deviations for
TI as a function of pH being 10e15% and <3% as a function of nitrate. Reprinted with
permission from Environmental Science and Technology. Copyright 2014, American
Chemical Society.
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advances, Applied Geochemistry (2016), http://dx.doi.org/10.1016/j.apgeopresence of H2O2 (Li et al., 2012a). As a matter of fact, microbes
excreted organic acids that enhance I oxidation by lowering the
pH of the ambient environment and reacting with H2O2 to form
peroxy carboxylic acids: as pH decreases (5), increasing H2O2
hydrolysis is the driving force for iodide oxidation whereas at
pH  6, spontaneous decomposition of peroxy carboxylic acids,
originating from H2O2 and organic acids, are contributing to iodide
oxidation (Li et al., 2012b).
As mentioned previously, naturally-occurring I oxidation pro-
cess require strong oxidants such as Mn oxides (Fox et al., 2010;
Gallard et al., 2009; Xu et al., 2011a). However, biogenic Mn ox-
ides produced by a manganese-oxidizing bacterium Roseobacter so.
AzwK-3b contributed insigniﬁcantly to I oxidation. In contrast, it is
the extracellular superoxide generated by this bacterium that
mostly mediated I oxidation. Contrary to this, Mn (II)-oxidizing
bacteria or fungal strains isolated from wetlands of F-Area of SRS
did not exhibit signiﬁcant I oxidation. MnO2mediated oxidation of
iodide is thus restricted to low pH (pH 5) values (Grandbois et al.,
2016).3. Plutonium
The human and environmental risks associated with Pu
disposal, remediation, and nuclear accidents scenarios are partiallyonium association with natural organic matter: A review of recent
chem.2016.11.009
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While it has been assumed that Pu(IV), the stable form of Pu in a
NOM containing environment, is immobile due to the very low
solubility of its oxides and hydroxides (Neck and Kim, 2001), recent
accounts have shown that it can be mobile (Kersting et al., 1999;
Novikov et al., 2006; Santschi et al., 2002; Buesseler et al., 2009).
The environmental mobility of Pu can be affected by oxidation
state, complexation, adsorption, precipitation, colloid formation,
pH and microbial activity (Choppin, 2003; Mikutta et al., 2006;
Morse and Choppin, 1991; Neu et al., 2005; Silva and Nitsche,
1995), of which oxidation state has the most profound inﬂuence.
Pu can exist simultaneously in four different valence states (III, IV,
V, VI) in a single environmental sample. The reduced forms (III, IV)
are generally 2e3 orders of magnitude less mobile than the
oxidized forms (V, VI) in most environments (Kaplan et al., 2004;
Powell et al., 2004, 2006).
SRS, holding one-third of the nation's Pu inventory, has a long-
term stewardship commitment to investigate Pu behavior in
groundwater and in its down-gradient wetlands. For example, in
sediments collected along a transect extending from a contami-
nated region of awetland to a pristine region, a correlation between
Pu and sediment NOM concentrations was found (Figs. 4 and 5),
suggesting Pu immobilization by NOM compounds (Xu et al., 2014,
2015a,b, 2016). Micro-SXRF data indicate that Pu does not correlate
with Fe as Fe-oxide (Xu et al., 2008, 2015a,b, 2016).
Such correlations between Pu and OC, or organic N (ON), how-
ever, do not preclude the mobilization and transport of a small
amount (e.g., ~1%, Santschi et al., 2002) of Pu away from the source
site. Furthermore, previous studies reported that Pu can be trans-
ported in surface water systems, in the form of a colloidal organic
matter carrier molecule, through wind/water interactions (Xu et al.,
2008). Kinetic uptake experiments and numerical modeling sup-
ported a faster and greater sorption extent of Pu (IV) on sedimen-
tary colloidal organic matter (COM) compared to Pu (V) (Xu et al.,
2014). It is noteworthy that when steady state has been achieved,
almost the same amount of Pu (79e83% of the initial Pu that was
added) was taken up by two contrasting soils (one organic-rich soil
with 24.1% OC and the other organic-poor soil with <0.01% OC, both
being sampled from F-Area of the SRS), irrespective of their distinct
OC contents, or the initial oxidation states of added Pu (IV vs. V).
Sedimentary organic matter had thus little impact on the total
amount of Pu bound to the particulate phase, but the SOM greatly
increased the likelihood that the Pu would desorb in a colloidal
organic matter (COM) form, which can re-mobilizing signiﬁcantFig. 4. pH dependency of Pu sorption to soil particles and colloids, in comparison to the OC
particulate (>0.45 mm), colloidal (3 kDae0.45 mm), and dissolved (<3 kDa) phases of the FS
dissolved organic carbon of the FSI18 soil-groundwater re-suspension (soil: water ratio
permission from Environmental Science and Technology. Copyright 2014, American Chemic
Please cite this article in press as: Santschi, P.H., et al., Iodine and plut
advances, Applied Geochemistry (2016), http://dx.doi.org/10.1016/j.apgeoamounts of Pu (6e15% of the initially added Pu) under typical
background pH conditions of SRS groundwater. Most importantly,
Pu uptake by the organic-rich soil decreased with increasing pH
because more SOM in the colloidal size desorbed from the partic-
ulate fraction in the elevated pH systems, resulting in greater
amounts of Pu associated with the COM fraction being released into
the aqueous phase with increasing pH (Fig. 4). This is in contrast to
previous observations with low-NOM sediments or minerals,
which showed increased Pu uptake with increasing pH levels (Buda
et al., 2008; Kaplan et al., 2006; Powell et al., 2004, 2006, 2005; Rai
et al., 2001; Sanchez et al., 1985). This demonstrates that despite Pu
immobilization by SOM, COM can convert Pu into a more mobile
form. Moreover, the inﬂuence of oxidation state on Pu mobility in
organic-rich far-ﬁeld area is largely the opposite of that in low
organic matter soils. Reduced Pu (IV) may become more mobile
than oxidized Pu (V/VI), as a result of the tendency of Pu (IV) to bind
more readily and strongly to SOM that can form mobile colloids,
and Pu (V) to sorb more readily to mineral surfaces possibly aided
by reduction to Pu (IV) catalyzed by Fe(II) containing clay minerals.
Thus, an increase in organic-rich soil pH in this acidic plume may
also result in a shift from the NOM acting predominantly as a Pu
sink at lower pH levels to a Pu source at elevated pH levels, The
ﬁndings that the presence of NOM can both immobilize and re-
mobilize Pu, depending on pH, and reduce the tendency for
Pu(IV) or Pu(V) to bind to the immobile sorbent surfaces need to be
considered in the long-term stewardship, risk models and reme-
diation of contaminated sites.
Plutonium is, however, chelated not by the bulk of NOM as
suggested by a strong positive correlation between total 239,240Pu
activity and sedimentary organic carbon contents in both F-Area of
the SRS (Xu et al., 2015a,b) and Fukushima Prefecture (Fig. 5a), but
by speciﬁc organic molecules, such as hydroxamate siderophores
(HS), which are low molecular weight organic ligands excreted by
plants and microbes to acquire iron. It has been found that total
239,240Pu activity was more strongly related to total nitrogen con-
tents (R ¼ 0.731, p  0.001, df ¼ 21) and HS concentrations
(R ¼ 0.975, p < 0.001, df ¼ 19) than to total carbon in the F-Area of
the SRS. Such a close correlation between 239,240Pu concentration
and total sedimentary nitrogen content than that between 239,240Pu
concentration and organic carbon content was also observed in
Fukushima Prefecture (Fig. 5b). It has been found that Pu(IV) is
chelated by HS, similar to another A-type metal, Fe(III). This has
been demonstrated in the laboratory (Neu, 2000) and in ﬁeld
studies (Xu et al., 2008, 2015a,b). These HS moieties can be easilyconcentration in the water (Xu et al., 2014). a) pH-dependent Pu (IV) distribution in the
I18 soil-groundwater re-suspension; b) pH-dependent of colloidal organic carbon and
¼ 1:4, Pu concentration 8.4  1014 M, equilibrium time: 14 days). Reprinted with
al Society.
onium association with natural organic matter: A review of recent
chem.2016.11.009
Fig. 5. Correlations between Pu-239,240 activity (Bq/kg) and a) organic carbon (%, wt); b) total soil nitrogen content (%, wt), in soils from the Fukushima Prefecture, Japan (Xu et al.,
2016), Reprinted with permission from Journal of Environmental Radioactivity. Copyright 2016.
P.H. Santschi et al. / Applied Geochemistry xxx (2016) 1e76overlooked because of extraction and detection difﬁculties (Gillam
et al., 1981). In addition, most of the previous studies on soil side-
rophores were mostly focused on the soil solution (Essen et al.,
2006) or soil extractants by water or methanol (Ahmed and
Holmstr€om, 2014; Powell et al., 1980, 1983). Xu et al. (2015a,b)
explored the occurrence of HS moieties that are incorporated into
the sediment particulate organic matter and released from the
macromolecules upon the HF digestion and H2SO4 hydrolysis. HS
that are associated with the particulate NOM were a few orders of
magnitude higher in concentration than those present in soil so-
lution or water and/or methanol extractable fractions of the soil. As
the vast majority of Pu in the environment appears to be associated
with solids, it is essential to understand the binding environment of
Pu in the solid phase, as opposed to just the aqueous phase, Mac-
romolecules that scavenged the majority of the potentially mobile
Pu were further separated from the mobile organic matter fraction
(“water extract”) via isoelectric focusing (IEF). An ESI FTICR-MS
spectral comparison of the IEF extract and a siderophore standard
demonstrated the presence of hydroxamate siderophore function-
alities in the IEF extract that containedmost of the Pu. The facts that
1) Pu(IV) has even higher stability constants for OH and hydrox-
amate binding than Fe(III), and thus, can displace Fe(III) in
hydroxamates (Boukhalfa et al., 2007), as well as 2) HS concen-
trations estimated by ESI FTICR-MS and colorimetric methods far
exceeded the ambient Pu concentration, provide strong evidence
that Pu in environmental samples are bound to hydroxamate
binding sites in macromolecular organic matter. It is possible that
those binding sites are incorporated into other macromolecules
through radical oxygen species mediated crosslinking reactions
(e.g., Almagro et al., 2008). As HS only contributes a very small
portion to the total nitrogen in the “IEF extract”, it seems likely that
other N-containing compounds (primarily as aliphatics and CRAM)
also contribute to the positive correlation between total sedimen-
tary 239,240Pu concentration and total nitrogen contents. Further
studies of these N-containing compounds are warranted.
4. Summary
In summary, NOM can play a signiﬁcant role in controlling the
fate and transport of radionuclides. For the two radionuclides used
as examples here, I and Pu, NOM is largely controlling their
biogeochemistry, evenwhen NOM is present at very low levels. Our
studies have demonstrated that it is important to study the in-
teractions of radionuclides and NOM at their respective environ-
mental relevant concentrations. In different environmental
systems, the local pH and redox conditions, mineral composition,
vegetation, precipitation, etc. will altogether determine the
makeup of the NOM, which then can act either as the source or sink
of radionuclides. Our studies have suggested there are somePlease cite this article in press as: Santschi, P.H., et al., Iodine and plut
advances, Applied Geochemistry (2016), http://dx.doi.org/10.1016/j.apgeosimilarities and differences in the molecular composition of
radionuclide carriers in contrasting environmental systems.
Obtaining the actual radionuclide-binding moieties through deli-
cate separation techniques and their characterization via
molecular-level instrumentation at different environmental sites
will undoubtedly deepen our understanding in those radionuclides
biogeochemical cycling and provide better foundation for planning
of remediation in the future. .
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